The human mutS homolog gene MSH2 is essential for DNA mismatch repair (MMR) and defects in this gene can result in increased mutagenesis, genomic instability and hereditary nonpolyposis colorectal cancer (HNPCC). Besides correcting mismatch errors arising from DNA replication, it was shown that de®ciencies in bacterial and human MMR genes including MSH2 resulted in defective transcription-coupled repair (TCR) of UV-induced photolesions. Here we show that MMRde®cient ®broblasts derived from two independent isogenic mouse strains with de®ned Msh2 de®ciencies are as pro®cient in TCR of UV-induced cyclobutane pyrimidine dimers (CPD) as wildtype ®broblasts. Our results indicate that in mouse cells Msh2 is not essential for TCR of UV-induced CPD in contrast to bacteria and human cells and suggest that the biological eects of UV in mouse Msh2 7/7 cells and mice are not due to defective TCR. Oncogene (2001) 20, 538 ± 541.
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Keywords: mismatch repair; transcription-coupled repair; UV-damage; mouse ®broblasts To counteract the deleterious eects of various types of DNA damage caused by exogenous as well as endogenous agents, mammalian cells are equipped with multiple DNA repair pathways. DNA lesions as well as mismatches in DNA are, if not properly repaired, considered to be responsible for a majority of human cancers . The general pathway involved in the repair of mismatches resulting from replication errors in DNA is the mismatch repair (MMR) pathway (reviewed by Buermeyer et al., 1999) . Mutations in several human MMR genes (e.g. MSH2, MSH6, MLH1 and PMS2) have been associated with hereditary predisposition to cancer (hereditary nonpolyposis colorectal cancer (HNPCC)), and a subset of sporadic cancers (Liu et al., 1995; Lynch et al., 1997) .
The possibility exists that this predisposition to cancer is not only caused by a failure of MMR de®cient cells to repair mismatches during DNA replication, but also by a failure of damaged and mutation-prone cells to trigger MMR-mediated apoptosis (Wu et al., 1999) .
Another major DNA repair pathway is nucleotide excision repair (NER) (reviewed by de Laat et al., 1999) dedicated to the removal of DNA helix distorting lesions including ultraviolet (UV) light-induced cyclobutane pyrimidine dimers (CPD). Defects in human NER are manifested in the rare hereditary human disorder xeroderma pigmentosum (XP) associated with UV-sensitivity, predisposition to skin cancer and neurological abnormalities (Bootsma et al., 1998) . NER exists of two subpathways: transcription-coupled repair (TCR) responsible for the preferential removal of DNA damage from the transcribed strand (TS) of active genes, and global genome repair (GGR) involved in repair of lesions over the entire genome including the nontranscribed strand (NTS) of active genes. Factors speci®c for proper activity of TCR in mammalian cells have been identi®ed including the Cockayne syndrome gene products CSA and CSB (van Hoen et al., 1993) , Brca1 (Gowen et al., 1998) and MMR genes Leadon and Avrutskaya, 1997) .
Defects in MMR genes have been reported to result in defective TCR of UV photoproducts and oxidative damage. In human colon cancer cells and bacteria, defects in MMR (MLH1, MSH2 and their bacterial homologs mutL and mutS) have been shown to abolish TCR of UV-induced photolesions Leadon and Avrutskaya, 1997) , whereas MMR defective yeast cells were unaected in TCR of UV photolesions (Sweder et al., 1996; Leadon and Avrutskaya, 1998) . In addition, MMR de®ciency appeared to impair TCR of oxidative damage in human tumor cells and yeast Avrutskaya, 1997, 1998) . Furthermore, the MMR protein Msh2 has been shown to exist in a complex with various NER proteins, suggesting that these proteins function in common processes (Bertrand et al., 1998) . Until now the involvement of MMR in TCR in mammalian cells was shown only in human tumor cell lines Leadon and Avrutskaya, 1997) . In recent studies we (M van Oosten, unpublished results) and others (E Friedberg, personal communication) noticed that Msh2 de®cient mice exhibit UV sensitivity (edema, erythema) indistinguishable from that in isogenic wildtype mice. This phenotype of Msh2 7/7 mice is inconsistent with a defect in TCR of UV-induced photolesions, since mice with defective TCR appear to be 10-fold more sensitive to the induction of erythema/edema and apoptosis (Berg et al., 2000; van Oosten et al., 2000) . Regarding the UV sensitivity of MMR de®cient human cell lines (including MSH2 de®cient LoVo cells), con¯icting observations have been reported: showed that MMR de®cient cells were more sensitive to the killing eects of UV irradiation than MMR pro®cient cells, whereas Leadon and Avrutskaya (1997) Smits et al., 2000) were prepared in Laemmli buer. The lysates were subjected to Western blotting analysis using a rabbit polyclonal antibody raised against fulllength mouse Msh2 protein (de Wind et al., 1998) . Msh2 protein is indicated with an arrowhead. The upper band represents an aspeci®c signal of the used antibody and serves as control for equal protein loading Figure 2 Repair of CPD in primary mouse dermal ®broblasts. Representative autoradiograms (a) and graphs (b and c) showing the removal of CPD from the transcribed strand (TS) and nontranscribed strand (NTS) of the active p53 and Hprt genes in primary MDFs derived from wildtype and Msh2 7/7 newborn mice (Smits et al., 2000) irradiated with 10 J/m 2 UV. CPD frequencies in the 16 kb EcoRI restriction fragment of the p53 gene and the 18 kb EcoRI restriction fragment containing exon 6 ± 9 of the Hprt gene were measured as described previously (Van Hoen et al., 1995; Van Sloun et al., 1999) . Brie¯y, equal amounts of DNA were either treated or mock treated with the CPD-speci®c enzyme T4 endonuclease V. The samples were subjected to electrophoresis in an alkaline 0.6% agarose gel and transferred to a nylon membrane (Hybond N + , Amersham) which was hybridized with a radiolabeled strand-speci®c probe. Autoradiograms were made and full-size fragments were quanti®ed by scanning of the ®lters using the InstantImager Oncogene Transcription-coupled repair in mismatch repair deficient mouse cells E Sonneveld et al TCR was ®rstly measured in UV-exposed con¯uent growing primary MDF cells derived from the skin of newborn mice. We assessed the removal of CPD from the TS and NTS of p53 and Hprt in wildtype and Msh2 7/7 MDFs after exposure to 10 J/m 2 UV light (Figure 2a,b) . Both wildtype and Msh2 7/7 MDFs showed fast repair of CPD in the TS of p53: 6 h after UV irradiation already 80% of the UV-induced CPD were removed while repair was complete after 24 h, as previously shown for normal MDFs (Cheo et al., 1997) . However, CPD were hardly removed from the NTS of p53 (Figure 2a,b) . The kinetics for the removal of CPD in the Hprt gene appeared to dier from those observed for the p53 gene. In wildtype MDFs only 50% of the UV-induced CPD were removed from the TS of Hprt after 24 h, whereas in Msh2 7/7 MDFs almost all CPD were repaired after 6 h (Figure 2a,c) . This dierence in repair kinetics of the Hprt gene between wildtype and Msh2 7/7 MDFs most likely relates to the fact that wildtype MDFs were isolated from a female mouse containing two copies of the Xchromosomal Hprt gene per cell, while the Msh2
MDFs were derived from a male mouse containing only one copy per cell. From the two Hprt gene copies in female cells only one is actively transcribed resulting in 50% reduction of TCR which can be noticed for the wildtype MDFs (Figure 2c ). Taken together, the data indicate that TCR of CPD in the Hprt and p53 genes is similar for Msh2 de®cient MDFs and Msh2 pro®cient MDFs. This result contrasts the de®cient TCR or UVinduced CPD in human LoVo tumor cells lacking MSH2 . Since human keratinocytes immortalized with human papillomavirus show impaired TCR of UV-induced CPD compared with parental primary keratinocytes (Rey et al., 1999) the dierence in TCR between human LoVo tumor cells and Msh2 de®cient MDFs might be caused by the use of primary cells. In order to investigate the possibility that the transformed state of cells could interfere with TCR of CPD, we also examined TCR in adenovirus E1A immortalized MEFs.
In exponentially growing wildtype MEFs, CPD in the TS were repaired more rapidly than in the NTS of p53 (Figure 3 ). Eight hours after UV irradiation 60% of the CPD were removed from the TS of p53, and almost complete repair was observed after 24 h ( Figure  3a,b) . Also Msh2 7/7 MEFs showed pro®cient TCR of CPD in the p53 gene with kinetics comparable to those in wildtype MEFs (Figure 3 ) and MDFs (Figure 2 ). In addition, the recovery of UV-inhibited RNA synthesis following UV light (5 J/m 2 ) was similar in both Msh2 7/7 MEFs and wildtype MEFs: within 3 h after UV-irradiation both cell types started to restore transcriptional activity, while almost complete recovery of RNA synthesis was reached after 9 h post-UV incubation (data not shown).
Based on the in vitro experiments described above it can be concluded that the MMR gene Msh2 is not essential for TCR of UV-induced CPD in mice. The pro®cient TCR of CPD and the recovery of UVinhibited RNA synthesis is fully consistent with the observation that the sensitivity of Msh2 7/7 mice to UV-induced erythema/edema is similar to that of wildtype mice. The wildtype level of TCR in Msh2 7/7 mouse cells resembles the pro®cient TCR of CPD in MMR de®cient yeast (Sweder et al., 1996) , but contrasts the human MSH2 de®cient LoVo tumor cells as well as several other dierent MMR de®cient human cell lines which show defective TCR of UVinduced CPD . This discrepancy appears not to be caused by the transformed state of the human tumor cell line, since transformed Msh2
MEFs exhibit normal TCR of CPD like primary Msh2 7/7 MDFs. In addition, both types of Msh2 mutations used in this study resulted in the absence of Msh2 protein, similar to LoVo cells which are homozygous for a large deletion in the hMSH2 gene. Finally, the exponential growth rate of the LoVo tumor cells does not account for the observed TCR de®ciency, since exponentially growing wildtype and Transcription-coupled repair in mismatch repair deficient mouse cells E Sonneveld et al Msh2 7/7 MEFs show pro®cient TCR of CPD comparable with con¯uent growing MDFs. In conclusion, our data suggest that Msh2 is not essential for TCR of CPD in the mouse and that the biological eects of UV in Msh2 7/7 mice (i.e. enhanced carcinogenesis; Friedberg et al., 2000) are entirely due to the inability to repair DNA mismatches and the failure to trigger apoptosis. However, our experiments do not rule out that mouse Msh2 is essential for the TCR of oxidative damage, as shown in yeast.
